A more complete three-dimensional (3D) physical model for nanostructured crystals of tetrathiotetracene iodide, TTT 2 I 3 , is presented. The restrictions on the thermoelectric figure of merit ZT that this model involves are determined. At the same time, the criteria of application of simplified 1D model are defined more precisely. In TTT 2 I 3 crystals the carriers are holes. As earlier, two interaction mechanisms of holes with acoustic phonons are considered, generalized for 3D case. One interaction is similar to that of polaron and other to that of deformation potential. Interaction of carriers with impurities and defects is also taken into account. Along chains (x direction) the transport mechanism is of the band type, but in the transversal directions it is of hopping type. The electrical conductivity σ xx , the thermopower (Seebeck coefficient) S xx , the electronic thermal conductivity e xx  and (ZT) xx along the conductive chains have been modelled for the first time in the 3D model. Optimal parameters which predict a considerable increase of (ZT) xx are determined.
Introduction
Organic materials attract more and more attention for thermoelectric applications because they have much more diverse properties in comparison with the inorganic ones and their electronic structure is well tunable through molecular chemistry and doping procedures. Besides, organic materials usually have lower thermal conductivity, can be easier produced, are cost effective and are environmentally friendly. In the past two decades big efforts were undertaken to investigate the thermoelectric applications of organic materials, especially of conducting polymers (see the review [1] ).
Poly(3,4-ethylenedioxythiophene) (PEDOT) doped by poly(styrenesulphonate) (PSS) is promising as an organic-based thermoelectric material due to its stability in air and potential for very high electrical conductivity (measured over 300,000 Sm -1 ) [2] . By optimizing the carrier concentration a value of the thermoelectric figure of merit ZT = 0.42 has been measured in p-type [2, 3] and 0.20 in n-type [4] materials. Thermoelectric modules containing n-p single couples were fabricated by printing [5] . In (PEDOT:PSS) thin films ZT value of 0.31 was achieved at room temperature [6] , very good result.
It was demonstrated that the nanocomposites of organic and inorganic components may have better thermoelectric performance than either component [7] [8] [9] . And really, the highest value of ZT = 0.57 at room temperature was measured in phenyl acetylene-capped silicon nano particles [10] . Different theoretical models have been also developed [11] [12] [13] [14] in order to describe the thermoelectric transport in organic materials.
In molecular nanowires of conducting polymers values of ZT ~ 15 and of thermoelectric power factor ~ 510 4 W/mK 2 at room temperature were predicted [15] in spite of hopping conducting mechanism that usually gives smaller carrier mobility than the band model.
The quasi-one-dimensional (Q1D) organic crystals attract a special attention. Values of ZT ~ 20 have been predicted in highly conducting charge transfer organic crystals, if the crystal purity is sufficiently high [16] assuring huge mobilities. These results were obtained in strongly one-dimensional approximation, when the crystal is formed from 1D conductive molecular chains packed into a three-dimensional (3D) structure. In not very pure crystals of tetrathiotetracene-iodide, TTT 2 I 3 , grown from solution [17] with measured electrical conductivity σ xx = 1.810 5  -1 m -1 , Seebeck coefficient S xx = 39 μV/K and thermal conductivity  xx = 1.0 Wm -1 K -1 along conductive chains ZT  0.1 at room temperature was obtained. But in reported stoichiometric crystals [18] , grown by gaseous phase method with σ xx = 10 6  -1 m -1 , a value of ZT ~ 1.4 is expected, if the hole concentration is diminished by two times [19] . These results practically coincide in 1D and 2D approximations, because the carrier mobility in these crystals is already limited by scattering on impurities and additional scattering on adjacent chains is negligible.
The aim of this paper is to present a more complete 3D physical model for TTT 2 I 3 crystals and to determine the restrictions on ZT which this model will involve. At the same time the criteria of application of simplified 1D model will be defined more precisely. The electrical conductivity σ xx , the thermopower (Seebeck coefficient) S xx , the electronic thermal conductivity e xx  and (ZT) xx along the conductive chains (x-direction) in TTT 2 I 3 crystals are modeled as function of Fermi energy in the 3D model for the first time. The optimal parameters which predict a considerable increase of (ZT) xx are determined.
TTT 2 I 3 crystals in 3D approximation
In the TTT 2 I 3 crystals the carriers are holes. As earlier, (see [20] for 2D case) two interaction mechanisms of holes with acoustic phonons are considered, generalized for 3D case. One interaction is similar to that of deformation potential, and the other to that of polaron. Interaction of carriers with impurities and defects is also taken into account. Along chains the transport mechanism is of the band type and metallic, because the hole transfer energy w 1 = 0.16 eV, the conduction band width is about 25 k 0 T 0 at room temperature T 0 , the hole concentration is n = 1.2×10 27 m -3 and the hole-phonon interaction can be considered as small perturbation. Therefore, when transport is studied along chains, it is conveniently to pass from the localized representation to the Bloch one. The physical model is described in the tight binding and nearest neighbors' approximations. In this case the energy of the hole with the 3D quasi-wave vector k and projections (k x , k y , k z ), measured from the top of conduction band, has the form
where the axes x, y, z are directed along the lattice vectors b, a, c, and w 1 , w 2 , w 3 are transfer energies of a hole from the given molecule to the nearest one along b, a, c, and w 1 , w 2 , w 3 > 0. From the condition of the crystal quasi-one-dimensionality it results that w 2 and w 3 are much smaller than w 1 .
There are 3 branches of phonon dispersion, one is for longitudinal and two other are for bend vibrations. The analysis shows that the latter give small contribution to the electrical and thermal transport and can be neglected. The frequency of longitudinal acoustic phonons is taken in the form
where  1 ,  2 and  3 are the limit frequencies for directions x, y, z. Due to the same crystal quasi-one-dimensionality,  1 is much bigger than  2 and  3 . So as the conduction band is not very large, the variation of electron and phonon wave vectors on the whole Brillouin zone is considered. As earlier, two the most important hole-phonon interactions are taken into account. One interaction is similar to that of polaron determined by induced polarization of molecules. The coupling constant of this interaction is proportional to the mean polarizability of the TTT molecule 0  . The second interaction is similar to that of deformation potential. Three coupling constants of this mechanism are proportional to the derivatives 1 w , 2 w and 3 w with respect to the intermolecular distance of w 1 , w 2 and w 3 . The square of absolute module of hole-phonon interaction matrix element A(k, q) which appear in the expression of scattering probability has the form
Here N is the number of molecules in the basic region of the crystal and M is the mass of TTT molecule. The parameters  1,  2 and  3 have the means of the ratios of amplitudes of first interaction to the second one in the x direction on chains and in transversal directions y, z, respectively ) /( 2 
where e is the carrier charge and  0 is the mean polarizability of TTT molecule. Note that so as w 1 , w 2 and w 3 are positive and exponentially decrease with the increase of intermolecular distance, 1 w , 2 w and 3 w will be negative, and γ 1 , γ 2 and γ 3 will be negative too.
Charge and heat transport
In a weak electrical field and a weak temperature gradient applied along conductive chains the linearized kinetic equation is solved analytically and the electrical conductivity σ xx , the Seebeck coefficient S xx , the electronic thermal conductivity e xx  and (ZT) xx can be expressed through the transport integrals R n as follows
where ) ) ( /( ) 2 ( 
Here n ε,η,ς is the Fermi distribution function in the variables )) cos(
,  = k y a and ς = k z c, ε F = E F /2w 1 is the Fermi energy for the 1D case in the unities of 2w 1 ,
is the dimensionless resonance energy in the relaxation time in the same units,
. At room temperature the effect of scattering on static impurities and defects can be estimated in Eq. (7) by a constant D 0 which depends on impurity and defect concentrations and can be made very small, if the crystal purity is rather high.
Because we study the transport at room temperature, we have considered scattering processes elastic and have also neglected in the law of energy conservation during the carrier scattering the contributions of terms containing w 2 and w 3 in comparison with the kinetic energy along the chain, so as w 2 , w 3 are much smaller than w 1 .
In order to determine the parameters d 1 and d 2 we have calculated σ yy and σ zz , and by comparing the calculated data with the experimental one, have established the values of d 1 and d 2 . However, in the transversal y and z directions w 2 and w 3 are much smaller than w 1 , as it was mentioned above. Therefore, for the calculation of σ yy and σ zz the representation of localized states at TTT molecules is used instead of Bloch representation for the calculation of σ xx . The carrier kinetic energy in these directions is much smaller than the hole-phonon interaction energy. Respectively, a canonical transformation has been applied which allows to consider the main part of hole-phonon interaction in the zero approximation. As a result, the carriers in transversal directions become small polarons, the transport mechanism becomes of hopping type and the conductivity -thermally activated. Electrical conductivities σ yy and σ zz have been calculated numerically. From experimental data σ yy ~ σ zz = 330  -1 m -1 it was found that the hole transfer energies in y and z directions are w 2 = w 3 = 0.015w 1 . The values w 2 and w 3 are the same because the respective lattice constants are very close: a =18.35 Å, c = 18.46 Å. In Ref. 20 applying another method in the 2D approximation we have estimated that w 2 = 0.013w 1 . In the present paper these new values of w 2 and w 3 will be used in order to model the thermoelectric properties more precisely.
From Eq. (7) it is seen that, if we put d 1 = 0 and d 2 = 0, the integrals on η and ς can be calculated directly and the results of 1D model are obtained. In this case the expression under integral on ε has a maximum at ε = ε 0 , determined by the compensation of both hole-phonon interactions for states near ε 0 , mentioned above. The effect of this maximum determines the possibility to improve the thermoelectric properties of TTT 2 I 3 crystals. In the 1D model the maximum is limited by D 0 (the rate of impurity and defects scattering) and may be rather high, if D 0 is sufficiently small. In the 3D model the maximum is limited also by the scattering on adjacent chains. Therefore it is important to determine the criteria when this interaction will predominate and further purification of crystals will not lead to improvement of the thermoelectric properties.
Results and discussion
Calculations after (5)- (7) 
For the parameter D 0 the following values have been chosen: 0.6 which corresponds to crystals grown from solution with stoichiometric conductivity 1.8×10
5  -1 m -1 [17] ; 0.09 which corresponds to crystals grown from gaseous phase with stoichiometric conductivity 10 6  -1 m -1 [18] ; 0.05 which corresponds to crystals grown from gaseous phase with somewhat higher conductivity 1.7×10
6  -1 m -1 not synthesized yet. In Fig.1a the dependences of electrical conductivity σ xx on dimensionless Fermi energy ε F = E F /2w 1 are presented. The results of calculations made in the 1D model are presented by red dotted lines and those made in the 3D model -by blue dashed lines. It is seen that for crystals with low degree of purity the curves with low maximum coincide in the whole interval of Fermi energy. For more perfect crystals the curves with mid maximum practically also coincide. Only in the most perfect crystals not synthesized yet (the curves with high maximum) a small deviation is observed, but it is still negligible. The analysis shows that the simplified 1D approximation can be applied for crystals with stoichiometric electrical conductivity up to σ xx ~ 3×10
6  -1 m -1 . In this case the scattering on impurities and defects predominates. In purer crystals with higher conductivity the scattering on adjacent chains becomes also important and the 3D model must be applied. In Fig.2b the dependences of the thermoelectric figure of merit (ZT) xx on dimensionless Fermi energy ε F are presented. The deviations of 3D from the 1D model have increased for the purest crystals, but are also negligible. It is seen that in stoichiometric crystals (ε F = 0.37) the values of (ZT) xx are small, ~ 0.1 even in the crystals with increased electrical conductivity. This is explained by the respective increase of electronic thermal conductivity. In order to increase (ZT) xx it is needed to diminish ε F , or the carrier concentration. It is seen (curves with mid maximum) that when ε F is diminished down to 0.12 (or the carrier concentration is diminished from 1.2×10 27 m -3 down to 0.6×10 27 m -3 ), (ZT) xx is increased up to 1.4 in reported crystals with stoichiometric conductivity 10 6  -1 m -1 , and even (ZT) xx = 1.9 is expected in crystals with somewhat higher conductivity (curves with high maximum). This is favorable for thermoelectric applications of TTT 2 I 3 crystals. The tuning of Fermi level to needed value can be achieved by synthesizing non stoichiometric crystals with deficiency of iodine which plays the role of acceptor end a b a b determines the hole concentration in TTT stacks. Crystals of TTT 2 I 3 admit nonstoichiometric composition. The 3D and 1D models show small deviation only in not very perfect crystals in which the carrier mobility is limited by the scattering on impurities and defects. The analysis shows that the interchain interaction can be neglected, if the calculated maximum of (ZT) xx is less than 4. In still more perfect crystals the interchain interaction must be taken into account, because namely this interaction begins to limit the carrier mobility. In this case the 3D crystal model must be applied, so as the deviation between 3D and 1D models will exceed 10%.
Conclusions
A more complete 3D physical model for quasi-one-dimensional organic crystals of TTT 2 I 3 is developed. In these crystals the carriers are holes. Interactions of holes with longitudinal acoustic phonons determined by the fluctuations of the polarization energy of molecules surrounding the conduction hole and by the fluctuations of the transfer energies for a hole, as well as the interactions with impurities and defects are taken into account, generalized for the 3D case. For the first time the electrical conductivity σ xx , the thermopower (Seebeck coefficient) S xx , the electronic thermal conductivity e xx  and the thermoelectric figure of merit (ZT) xx along the conductive chains have been modelled as function of Fermi energy in the 3D model. It is found that the interchain interaction can be neglected for crystals with stoichiometric electrical conductivity up to σ xx ~ 3×10 6  -1 m -1 , or with the calculated maximum of (ZT) xx less than 4. In this case the scattering on impurities and defects predominates. In purer crystals with higher conductivity the interchain interaction becomes important and the 3D model must be applied. It is also found that (ZT) xx is increased up to 1.4 in reported crystals with stoichiometric conductivity 10 
